Preclinical studies show that epoxyeicosatrienoic acids (EETs) regulate cerebrovascular tone and protect against cerebral ischemia. We investigated the relationship between polymorphic genes involved in EET biosynthesis/metabolism, cytochrome P450 (CYP) eicosanoid levels, and outcomes in 363 patients with aneurysmal subarachnoid hemorrhage (aSAH). Epoxyeicosatrienoic acids and dihydroxyeicosatetraenoic acid (DHET) cerebrospinal fluid (CSF) levels, as well as acute outcomes defined by delayed cerebral ischemia (DCI) or clinical neurologic deterioration (CND), were assessed over 14 days. Long-term outcomes were defined by Modified Rankin Scale (MRS) at 3 and 12 months. CYP2C8*4 allele carriers had 44% and 36% lower mean EET and DHET CSF levels (P = 0.003 and P = 0.007) and were 2.2-and 2.5-fold more likely to develop DCI and CND (P = 0.039 and P = 0.041), respectively. EPHX2 55Arg, CYP2J2*7, CYP2C8*1B, and CYP2C8 g.36785A allele carriers had lower EET and DHET CSF levels. CYP2C8 g.25369T and CYP2C8 g.36755A allele carriers had higher EET levels. Patients with CYP2C8*2C and EPHX2 404del variants had worse long-term outcomes while those with EPHX2 287Gln, CYP2J2*7, and CYP2C9 g.816G variants had favorable outcomes. Epoxyeicosatrienoic acid levels were associated with Fisher grade and unfavorable 3-month outcomes. Dihydroxyeicosatetraenoic acids were not associated with outcomes. No associations passed Bonferroni multiple testing correction. These are the first clinical data demonstrating the association between the EET biosynthesis/metabolic pathway and the pathophysiology of aSAH.
INTRODUCTION
In the United States, aneurysmal subarachnoid hemorrhage (aSAH) accounts for 5% of all strokes and 25% of stroke-related deaths. 1 The outcome for patients with aSAH is often unfavorable with 40% to 50% 1-month mortality rates and~50% of survivors unable to care for themselves. 2 Prognostic factors of unfavorable outcomes after aSAH include the development of clinical neurologic deterioration (CND) and delayed cerebral ischemia (DCI), which typically occurs 3 to 14 days after the hemorrhage. 3 Despite this time window for therapeutic intervention, strategies to improve outcomes have had limited success in part due to the lack of reliable and accurate methods to identify high-risk patients.
Previous studies report that eicosanoids derived from the cytochrome P450 (CYP) pathway of arachidonic acid metabolism regulate cerebrovascular tone and structure. 4 Arachidonic acid is stored in the phospholipid membranes and released in response to various cellular stimuli including cerebral insults. 5 In the brain, free arachidonic acid is oxidized to form epoxyeicosatrienoic acids (EETs) by CYP enzymes found in multiple brain regions. 6 Epoxyeicosatrienoic acids consist of four regioselective isoforms (14,15-, 11,12-, 8,9 -, and 5,6-EET) formed primarily by CYP2J2 and CYP2C8/9 enzymes. 6 Epoxyeicosatrienoic acids dilate cerebral arteries, promote angiogenesis, and inhibit inflammation, apoptosis, and platelet aggregation. 4 Epoxyeicosatrienoic acids can be further metabolized to inactive dihydroxyeicosatetraenoic acids (DHETs) by soluble epoxide hydrolase (sEH) present throughout the brain. 7 Collectively, these studies suggest that increasing EET levels in the brain may improve the regulation of cerebral blood flow (CBF) and vascular homeostasis.
Moreover, preclinical evidence shows that EETs are important vascular regulators after cerebral injury resulting from ischemic or hemorrhagic stroke. Studies have shown that EET synthesis inhibition reduces baseline CBF in rats. 8 Inhibition or gene deletion of sEH reduces infarct size and increases CBF in animal models of temporary focal ischemia. 9, 10 In vitro studies show that EETs protect astrocytes against ischemic cell death. 11 Also, variants in the EPHX2 gene, which codes for sEH, have been shown to affect sEH activity and neuronal survival after ischemic injury. 12 These studies provide evidence that EETs alter CBF and cerebral injury in preclinical models and warrant further investigation in humans.
Given the preclinical evidence that EETs are involved in the pathophysiology of stroke, we investigated the relationship between polymorphic variants in the genes responsible for the formation or metabolism of these products, the resultant EET and DHET levels in cerebrospinal fluid (CSF), acute outcomes, and long-term outcomes in patients with aSAH. Furthermore, we compared genotype frequencies in our aSAH population with those reported in the general population using the Hapmap database to identify potential genetic markers for aSAH.
MATERIALS AND METHODS

Design and Participants
Participants were prospectively recruited from patients admitted to the University of Pittsburgh Medical Center neurovascular intensive care unit. The protocol was approved by the Institutional Review Board at the University of Pittsburgh and informed consent was obtained from the patient or their proxy in accordance with the ethical standards of the University of Pittsburgh Institutional Review Board as well as with the Helsinki Declaration of 1975 (and as revised in 1983). The study included 363 adult patients (age 21 to 75) with aSAH diagnosed via head computed tomography (CT) and classified as Fisher grade 41. Aneurysmal subarachnoid hemorrhage was diagnosed via head CT and angiography was used to determine the presence of aneurysm and location. Patients were not enrolled if they had a history of debilitating neurologic disease or SAH from trauma, mycotic aneurysm, or arteriovenous malformation. The number of patients was estimated based on the expected variances and differences between CYP eicosanoid levels in outcome groups. Cerebrospinal fluid from 269 patients was available for analysis of CYP eicosanoid levels. We limited our genetic analyses to 304 Caucasians in an attempt to address population stratification. 13 All patients received standard nursing and medical care in the neurovascular intensive care unit. 13 Data/Sample Collection Sociodemographics, including sex, age, race, and clinical data were collected from the medical record. Severity of injury measured by traditional Fisher grade (hemorrhage burden) 14 and Hunt and Hess (HH) score (symptom burden) 15 were documented by the attending neurosurgeon on admission. Fisher grade and HH scores have been strongly associated with acute and long-term outcomes, respectively. 16 Plasma and CSF samples for genotyping and CSF analysis of CYP eicosanoid levels were collected approximately every 12 hours from consent through day 14 after hemorrhage. External ventricular drains were placed as standard of care in aSAH patients with hydrocephalus and poor or declining neurologic status. Cerebrospinal fluid samples were pulled from the collection bag of existing external ventricular drains (while a drainage device is in place), aliquoted and frozen at − 80°C. DNA was extracted from a venous blood sample that and white cells were isolated using a salting out procedure. 17 All DNA is stored in 1X TE buffer at 4°C. All analysis was performed by individuals blinded to patient outcomes.
Analysis of Cytochrome P450 Eicosanoid Levels
Chemical standards were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). High purity organic solvents were purchased from VWR (West Chester, PA, USA) and all other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). Cerebrospinal fluid samples were withdrawn from collection bags on external ventricular drains approximately every 12 hours during the inpatient stay (up to 14 days). Samples were processed using solid phase extraction (SPE). Sample volumes of 2.0 to 3.0 mL were loaded onto 3 cc Oasis HLB SPE cartridges (Waters, Milford, MA, USA) that were conditioned and equilibrated with 2 mL of MeOH and dH 2 O, respectively. Columns were washed and eluted with 3 mL of 5% MeOH and 100% MeOH, respectively. Samples were dried under nitrogen gas and were reconstituted in 50 μL of 80:20 MeOH:ddH 2 O. Quantitation of EETs and DHETs was performed using a previously described UPLC-MS/MS method with minor modifications. 18 Concentrations of EETs and DHETs were determined from the standard curve of the ratio of their peak areas to internal standard peak areas of 14,15-EET-d11 and 14,15-DHET-d11, respectively, over a linear range of 0.007 to 8.88 ng/mL.
Genetic Analysis
Candidate genes in the EET metabolic pathway included CYP2C8, CYP2C9, CYP2J2, and EPHX2. Tagging single-nucleotide polymorphisms (tSNPs) were selected using the CEU population from Hapmap database that fully captured the variability in the gene and its flanking regions (Release 27; www.hapmap.org) and criteria included r 2 40.8 and minor allele frequency ⩾ 20%. Functional SNPs (fSNPs) were defined as those previously reported to affect mRNA transcription, protein expression, or enzyme activity in vitro. Known fSNPs were selected regardless of allele frequency, but we excluded those that were not informative enough for analyses (variant genotype frequencies o1% in our aSAH population). Also, rs11572080 and rs71220599 were excluded from the analysis because these SNPs were in 100% linkage disequilibrium with rs10509681 and rs71553864, respectively. Our genetic analysis included 14 tSNPs (rs11572133, rs11572139, rs1934952, rs1934953, rs12772884, rs1934967, rs2253635, rs4086116, rs4918766, rs9332104, rs1155002, rs7515289, rs2071575, and rs7816586), eight fSNPs (rs10509681, rs1058930, rs1799853, rs1057910, rs890293, rs41507953, rs751141, and rs71553864) and one fSNP/tSNP (rs7909236) as shown in Supplementary Table 1. Genotyping was performed using Taqman allele discrimination assay with ABI Prism 7000 Sequence Detection System (Applied Bioscience, Carlsbad, CA, USA) for rs1057910, Affymetrix Human Genome-wide SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) for rs1934952, and iPLEX MassArray (Sequenom, San Diego, CA, USA) for all other SNPs. Consistency and integrity of genotyping data was checked by inclusion of duplicate CEPH controls on each plate for internal as well as plate-to-plate consistency, using genotype call rate criteria of 485%, comparing the observed and Hapmap Caucasian (CEU) frequencies, and performing checks for Hardy-Weinberg Equilibrium (HWE) consistency. Analyses involving genetic data included both genotype groups (codominant model) and the presence or absence of the variant allele (dominant model) groups. The SNPstats software was used to assign haplotypes for candidate genes and combinations of fSNPs on different candidate genes. 19 
Outcomes Assessment
Acute outcomes included the presence or absence of CND and DCI during the inpatient stay (up to 14 days). 20 Clinical neurologic deterioration was determined by a decline in neurologic exam for 41 hour evidenced by a documented global or focal deficit, an increase (two or more points) in NIH Stroke Scale or a decrease (two or more points) in Glasgow Coma Scale score in the absence of medication administration, fever, seizure, rebleed, increased intracranial pressure, or hydrocephalus. Delayed cerebral ischemia was defined as the presence of CND accompanied by evidence of impaired CBF (simultaneously or within 12 hours predetermination or postdetermination of CND). Impaired CBF was determined using surrogate markers of blood flow including angiography (⩾25% cerebral vessel narrowing) and elevated transcranial Doppler flow velocities (⩾200 cm/s or Lindegaard ratio ⩾ 3) or CT/magnetic resonance perfusion scans (impaired perfusion or new cerebral infarction). Long-term outcomes were determined by global functional recovery at 3 and 12 months using the Modified Rankin Scale (MRS) obtained during a face-to-face interview or phone call with the patient or their surrogate.
Statistical Analysis
For the purpose of analysis, HH scores were dichotomized into high (3 to 5) and low (1 to 2) groups and MRS scores were dichotomized into favorable (MRS 0 to 2) and unfavorable (MRS 3 to 6) groups. Cytochrome P450 eicosanoid CSF concentrations below the LLQ (lower limit of quantitation) were reported as LLQ/2. Genetic power analysis was calculated based on association between key genotype CYP2C9 and outcome of MRS at 3 months by using web-based software of Genetic Power Calculator developed by Purcell et al. 21 Given the sample size of 304 in our study, we are able to achieve 78% power to detect association for SNP of Rs1799853 with 13% risk allele frequencies and genotype relative risk (2.01 for C/T and 4.46 for T/T) with a chi-square test of allelic association at the significant level of 0.05.
Acute and long-term outcomes were compared using Pearson correlation coefficient (r). The mean and maximum CYP eicosanoid levels for each patient were calculated and were used to compare the mean ± standard error of the mean (s.e.m.) in the genotype and outcome groups using t-test (with Levene's test for equality of variances) or ANOVA with Bonferroni's post hoc test. To examine homogeneous latent trajectory classes of DHET CSF levels after aSAH, group-based trajectory analysis was performed with the PROC TRAJ macro in SAS version 9.4 as previously described. 22 The time range of 2 to 11 days was selected to minimize missing data and the time from hemorrhage was rounded up to the nearest day. Log transformation was applied to reduce sample variation and skewness for better model fitting. The Bayesian Information Criterion and the substantive utility of the classes (e.g., distinctiveness of the trajectories, proportion assigned to a given class) were used to determine the optimal solution for the number of trajectory groups. Mean concentration values from the trajectory analysis were reported as the geometric mean ± 95% confidence interval (CI). Dihydroxyeicosatetraenoic acid trajectory groups and genotype/allele frequencies were compared with acute outcomes, long-term outcomes, and covariate groups using chi-square analysis or ttest. Also, the relationship between genotype, CYP eicosanoid concentrations/trajectory groups, and outcomes was determined using logistic regression after controlling for covariates such as age, sex, race (for comparison of CYP eicosanoid levels and outcomes), and either Fisher grade (for analyses involving acute outcomes) or HH score (for analyses involving long-term outcomes). Previous studies report that Fisher grade and HH score are strongly associated with acute and long-term outcomes, respectively. 23 The cumulative incidence of acute outcomes during the inpatient stay in each genotype group was compared using Kaplan-Meier log-rank analysis and the model was adjusted for covariates using Cox regression. Multivariable Cox proportional hazards regression was used to evaluate associations between CYP2C8*4 allele and survival outcomes controlling for age, gender, and fisher grade. We tested the proportionalhazards assumption using Schoenfeld residuals and the assumptions were satisfied for both models. In addition, CYP eicosanoid levels and outcomes were compared in genetic haplotype groups before and after adjustment for covariates using the SNPstats software. 19 Haplotypes with frequencies o2% were excluded from the analysis. Cox models were run in Stata (College Station, TX, USA) version 11. All other statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 21.0 for Windows (SPSS Inc., Chicago, IL, USA). Statistical significance was determined at P values o0.05.
RESULTS
Acute and Long-Term Outcomes
The presence of CND and DCI was detected in 55.1% (n = 332) and 37.2% (n = 333), respectively. Impaired CBF was detected via angiography, transcranial Doppler flow velocities, transcranial Doppler Lindegaard ratio, and CT/magnetic resonance perfusion scans in 44.3% (n = 203), 51.9% (n = 337), 81.9% (n = 337), and 57.7% (n = 196), respectively. The presence of CND was significantly correlated with DCI and unfavorable MRS at 3 and 12 months (r = 0.70, r = 0.34, r = 0.29; P o 0.001), respectively. In addition, the presence of DCI was significantly correlated with unfavorable MRS at 3 and 12 months (r = 0.22, r = 0.29; P o0.001), respectively. Also, unfavorable MRS scores at 3 months were significantly correlated with unfavorable MRS scores at 12 months (r = 0.72; Po 0.001).
Covariates and Outcomes
Results comparing covariates with acute and long-term outcomes are shown in Table 1 . As expected, the severity of injury measured by Fisher grade and HH scores were associated with worse acute and long-term outcomes (P o 0.001), respectively. Increased age was associated with the presence of CND (P = 0.001) but not DCI and long-term outcomes. Race was associated with better outcomes at 3 months, but not at 12 months, in Caucasians compared with Non-Caucasians (P = 0.003). Sex was not associated with acute and long-term outcomes.
Cytochrome P450 Eicosanoid Quantitation
Results showing the percentage of patients and samples with detectable CYP eicosanoid levels and the mean and maximum CYP eicosanoid levels in all patients are shown in Supplementary Table 2 . Detectable EET and DHET levels were measured in 64.3% and 98.9% of patients (n = 269) and 13.1% and 97.9% of samples (n = 3151), respectively. Mean and maximum EET levels were 0.073 ± 0.007 ng/ mL and 0.153 ± 0.018 ng/mL, respectively. Mean and maximum DHET levels were 1.271 ± 0.069 ng/mL and 2.462 ± 0.140 ng/mL, respectively.
Genetics Hardy-Weinberg Equilibrium and Hapmap Comparison Our genetic analysis was limited to Caucasians which represented 89% of patients genotyped. Results of the HWE test and the observed versus Hapmap frequency comparison are shown in Table 2 . The genotype frequencies for CYP2C9 g.18470G4A were not in HWE (P = 0.003). Also, our aSAH Caucasian population showed different genotype frequencies from those reported in the Hapmap CEU (Caucasian) population for CYP2C8 g.24879A4T (P = 0.041), CYP2C9 g.18470G4A (P = 0.009), and EPHX2 g.54788T4C (P = 0.031). Linkage disquilibrium data are presented in Supplementary Table 3 .
Cytochrome P450 Eicosanoid Levels in Genetic Groups Results comparing CYP eicosanoid CSF levels in genetic groups are shown in Figure 1 and Supplementary Table 4 . CYP2C8*4 (g.16136G) allele carriers (n = 24) had 44% and 36% lower mean EET and DHET levels when compared with CYP2C8*1/*1 carriers (n = 197) (P = 0.002 and Po 0.001), respectively. Similar results were observed when comparing maximum EET and DHET levels in these genotype groups. EPHX2 55Arg (g.14861G) allele carriers (n = 38) had 42% and 41% lower mean and maximum EET levels (P = 0.003 and P = 0.049, respectively) when compared with EPHX2 55Lys/Lys carriers (n = 180). CYP2C8*1B (g.4825A) allele carriers (n = 95) had 23% reduction in maximum DHET levels when compared with CYP2C8*1/*1 carriers (n = 123) (P = 0.044). Also, CYP2J2*7 (g.4930T) allele carriers (n = 28) had 36% lower mean DHET levels when compared with CYP2J2*1/*1 carriers (n = 193) (P = 0.004). In the tSNP analysis, CYP2C8 g.25369T allele carriers (n = 119) had 60% and 93% higher mean and maximum EET levels when compared with CYP2C8 g.25369C/C carriers (n = 98) (P = 0.024 and P = 0.012), respectively. CYP2C8 g.36755A allele carriers (n = 104) had 49% and 84% higher mean and maximum EET levels when compared with CYP2C8 g.36755G/G carriers (n = 71) (P = 0.033 and P = 0.028), respectively. CYP2C8 g.36785G allele carriers had 22% lower maximum DHET levels compared with CYP2C8 g.36785A/A carriers (P = 0.044). When comparing individual genotype groups, CYP2C8 g.36785A/G carriers (n = 97) had 29% lower maximum DHET levels compared with CYP2C8 g.36785A/A carriers (n = 100) (P = 0.023) (Supplementary Figure 1) . The most common haplotype (Haplotype 1) for CYP2C8, CYP2C9, CYP2J2, and EPHX2 was GTCAG (rs7909236, rs11572133, rs11572139, rs1934953, and rs1934952), ATGCGT (rs12772884, rs1934967, rs2253635, rs4086116, rs4918766, and rs9332104), CT (rs1155002 and rs7515289), and TA (rs2071575 and rs7816586) seen in 30.2%, 22.7%, 47.0%, and 39.0% of patients, respectively. CYP2C9 Haplotype 4 (ACGCGT) was present in 14.8% of patients and was associated with 0.44 and 1.06 ng/mL higher mean and maximum DHET levels (P = 0.028 and P = 0.008), respectively. CYP2C8 Haplotype 2 (GATAA) was present in 29.1% of patients and was associated with 0.03 and 0.1 ng/mL higher mean and maximum EET levels (P = 0.019 and P = 0.006), respectively. CYP2C8 Haplotype 4 (GACGG) was present in 8.3% of patients and was associated with 0.54 ng/mL and 1.0 ng/mL higher mean and maximum DHET levels (P = 0.010 and P = 0.018), respectively. EPHX2 Haplotype 4 (CA) present in 2.1% of patients was associated with 2.09 and 3.84 ng/mL higher mean and maximum DHET levels (Po 0.001). Similar relationships between CYP eicosanoids and haplotypes were observed after controlling for age, sex, and Fisher grade. There were no differences in CYP eicosanoid levels in haplotype groups when compared with the most common haplotype for CYP2J2.
Genetics and Outcomes
Results comparing the genotype and allele frequencies with acute outcomes are shown in Table 3 . Carriers of the CYP2C8*4 (g.16136G) allele were~2.2-and 2.5-fold more likely to develop DCI (P = 0.041) and CND (P = 0.039), respectively. Conversely, patients with CYP2J2 g.30345693C/T genotype were~1.9-fold less likely to develop CND (P = 0.025). Supplementary Figure 2 shows patients with the variant CYP2C8*4 (g.16136G) allele had a greater cumulative incidence of DCI (53.1%) and a trend for greater cumulative incidence of CND (71.8%) over 14 days compared with those with CYP2C8*1/*1 genotype (35.3% and 54%, P = 0.032 and P = 0.052, respectively). These relationships did not change after controlling for clinical covariates. Additionally, multivariable Cox proportional hazards regression was used to evaluate associations between independent variables of interest and survival outcomes. We tested the proportional-hazards assumption using Schoenfeld residuals plot and the assumptions were satisfied for both models (Supplementary Table 5 ). Table 4 shows the results comparing the genotype and allele frequencies with long-term outcomes. Results show that patients with the EPHX2 404Thr (g.50690-50691insGTC) and CYP2C8*2C (g.8633T) alleles were 2.6-and 2.1-fold more likely to have unfavorable outcomes at 3 months (P = 0.040 and P =0.036), respectively. Conversely, patients with CYP2C9 g.816A/G, CYP2J2*1/*7 (g.4930G/T), and EPHX2 287Arg/Gln (g.30221G/A) genotypes werẽ 2.1-, 3.5-, and 2.6-fold less likely to develop unfavorable outcomes at 12 months (P = 0.048, P = 0.048, and P = 0.027), respectively. Our haplotype analysis showed no differences in outcomes among haplotype groups when compared with the most common haplotype for each candidate gene. Supplementary Table 6 shows a summary of findings for our genetic studies.
Cytochrome P450 Eicosanoid Levels in Outcome Groups
Results comparing CYP eicosanoid CSF levels in outcome groups are shown in Figure 2 and Supplementary Table 7. Mean and EET relationship with outcomes in aSAH patients MK Donnelly et al maximum EET CSF levels were~2-fold higher in patients with unfavorable outcomes at 3 months (n = 67) when compared with those with favorable outcomes (n = 115) (P = 0.030 and P = 0.025), respectively. Similar relationships were observed in the multivariate analysis. No relationship was observed between mean and maximum CSF levels of individual DHET isomers and outcomes (data not shown). Cytochrome P450 eicosanoid levels in Fisher grade groups are shown in Supplementary Figure 3 . Fisher grade was associated with mean EET levels (P = 0.014) and maximum EET levels (P = 0.012). Patients classified as Fisher grade 4 had higher mean and maximum EET levels (0.104 ± 0.021 ng/mL and 0.227 ± 0.047 ng/mL) compared with those in Fisher grade 2 (0.043 ± 0.003 ng/mL and 0.071 ± 0.010 ng/mL, P = 0.010 and P = 0.012, respectively).
Trajectory Analysis of Cytochrome P450 Eicosanoid Levels Dihydroxyeicosatetraenoic acid temporal concentration profiles and their relationship with outcomes are shown in Figure 3 and Supplementary Table 8 . The trajectory model evaluating DHET CSF levels show three groups of patients with significantly different concentration profiles from days 2 to 11 after aSAH (P o0.001). Dihydroxyeicosatetraenoic acid trajectory groups were not associated with acute or long-term outcomes. Concentration values in trajectory groups are presented as geometric mean with 95% CI. Patients in the 'low' group (n = 45, 16.7%) have relatively low DHET levels that slightly increase over time (day 2: 0.27 ± 1.30 ng/mL; day 11: 0.39 ± 1.26 ng/ml). Patients in the 'moderate' group (n = 159, 59.1%) have relatively moderate DHET levels that slightly decrease over time (day 2: 0.98 ± 1.12 ng/mL; day 11: Figure 1 . Cytochrome P450 (CYP) eicosanoid levels in genetic groups. Mean epoxyeicosatrienoic acid (EET) (A), maximum EET (B), mean dihydroxyeicosatetraenoic acid (DHET) (C), and maximum DHET (D) levels in cerebrospinal fluid (CSF) from patients with aneurysmal subarachnoid hemorrhage (aSAH) are compared in genotype groups. The mean and maximum EET and DHET CSF levels for each patient were calculated and were used to compare the mean ± s.e.m. of the CYP eicosanoid levels for each patient in the variant allele carrier (striped bars) and wild-type (WT) genotype (solid bars) groups using t-test with Welch's correction as appropriate. Genotype groups were compared using ANOVA in Supplementary Figure 1 . Statistical significance established at *P o0.05.
0.75 ± 1.09 ng/mL). Patients in the 'high' group (n = 65, 24.2%) have relatively high DHET levels that decrease over time (day 2: 3.30 ± 1.16 ng/mL; day 11: 1.89 ± 1.21 ng/mL). Dihydroxyeicosatetraenoic acid trajectory groups were not associated with acute or long-term outcomes before and after adjusting for clinical covariates. When trajectory patterns of individual DHET isomer concentrations were evaluated, no relationship was observed between the trajectory groups and outcomes (data not shown). Although statistically significant associations (P o 0.05) were noted in this article, none of these associations passed Bonferroni's multiple testing correction criteria.
DISCUSSION
This clinical study is the first to investigate the impact of gene variants in the EET metabolic pathway on CYP eicosanoid CSF levels, risk for aSAH, and subsequent acute/long-term outcomes in aSAH patients. We report that patients with CYP2C8*4 showed lowered EET and DHET levels in CSF and had a greater likelihood of DCI and CND during the inpatient stay. Also, patients with the loss-of-function variants CYP2J2*7 and CYP2C8*1B showed lower EET and DHET levels, respectively, while those with the CYP2C8 g.25369T and 2C8 g.36755A allele had higher EET levels. Patients with the gain-of-function EPHX2 55Arg variant had lower EET levels. Patients classified as Fisher grade 4 (ventricular bleed) had increased EET levels compared with those in the Fisher grade 2 group (bleed o 1 mm thick). Dihydroxyeicosatetraenoic acid CSF levels and trajectory patterns were not associated with outcomes. Patients with EPHX2 404del and CYP2C8*2C variants were more likely to have unfavorable long-term outcomes. Conversely, patients with CYP2J2*7, EPHX2 287Gln, and CYP2C9 g.816G4A variants were less likely to develop unfavorable long-term outcomes. Furthermore, we identified tSNPs that were not in HWE and showed genotype frequencies in our aSAH population that were different from those in Hapmap CEU database which may indicate putative genetic markers for aSAH risk.
Our observed relationships between CND, DCI, and MRS scores are similar to previous reports. 16 Likewise, we observed previously established relationships between HH score, Fisher grade, race, and increasing age with acute and/or long-term outcomes. 24 Caucasians had better 3-month outcomes compared with non-Caucasians as previously reported in patients with aSAH and other stroke subtypes. 25 Collectively, these data suggest that Figure 2 . Cytochrome P450 (CYP) eicosanoid levels in outcome groups. Mean epoxyeicosatrienoic acid (EET) (A), maximum EET (B), mean dihydroxyeicosatetraenoic acid (DHET) (C), and maximum DHET (D) levels in cerebrospinal fluid (CSF) from patients with aneurysmal subarachnoid hemorrhage (aSAH) are compared in outcomes groups. Acute outcomes (solid bars) included the presence or absence of delayed cerebral ischemia (DCI) and clinical neurologic deterioration (CND) up to 14 days after the hemorrhage. Long-term outcomes (stripped bars) were determined by global functional recovery at 3 and 12 months using the Modified Rankin Scale (MRS) and were dichotomized into favorable (MRS 0 to 2) and unfavorable (MRS 3 to 6) groups. The mean and maximum EET and DHET CSF levels for each patient were calculated and were used to compare the mean ± s.e.m. of the CYP eicosanoid levels in outcome groups using t-test with Welch's correction as appropriate. Statistical significance established at *P o0.05.
the impact of race and age on EET formation/metabolism and outcomes after aSAH may warrant further investigation. Our genetic analysis showed that multiple gene variants were associated with altered EET and DHET CSF levels. Patients with the CYP2C8*4 allele (11%) have reduced EET and DHET levels in CSF and are more likely to develop DCI and CND. Previous studies report that expression of CYP2C8*4 in vitro results in a~5-fold reduction in protein levels and enzymatic activity toward arachidonic acid to form 14,15-EET. 26 ,27 CYP2C8*4 enzymes showed reduced carbon monoxide binding to the heme moiety and were more sensitive to proteinase K digestion indicating improper heme insertion and protein folding. 28 Furthermore, human liver samples and microsomes from Caucasians harboring CYP2C8*4 or a haplotype containing CYP2C8*4 showed reduced protein expression. 29, 30 Collectively, these studies suggest that CYP2C8*4 is a loss-of-function SNP associated with reduced EET and DHET levels and worse outcomes.
Patients with at least one copy of the variant EPHX2 55Arg had lower mean and maximum EET levels. This reduction in EET concentration is consistent with the findings of Przybyla-Zawislak et al 31 who showed that this variant increases sEH enzyme activity in vitro. Similarly, studies report that CYP2J2*7 results in lower mRNA transcription in vitro. 32 In this study, we did not observe lower EET levels, but we report lower mean DHET levels in patients with the variant CYP2J2*7 allele. These results are expected since DHETs are considered as a surrogate marker for EETs. We expect worse outcomes in patients with CYP2J2*7, but we observed the opposite trend suggesting that other mediators may be involved. Since in vitro expression of CYP2C8*1B results in increased mRNA transcription compared with CYP2C8*1, we expect that patients with CYP2C8*1B may have higher EET and DHET levels. 30 However, CYP2C8*1B was associated with reduced maximum DHET levels in our study possibly due to differences in gene regulation in various species. 30 Also, CYP2C8 tSNPs and CYP2C8, CYP2C9, and EPHX2 haplotypes were associated with altered CYP eicosanoid levels. These data suggest that there are multiple SNPs on our candidate genes, potentially including SNPs that were not investigated in this study, which may affect EET synthesis and metabolism.
Results revealed that patients heterozygous for CYP2C9*2 (21%) are 2-fold more likely to develop unfavorable outcomes at 3 months. Lundbad et al 33 reported that expression of CYP2C9*4 in vitro result in a 33% reduction in EET formation and that incubations of human liver microsomes from patients homozygous for CYP2C9*2 and CYP2C8*3 led to a 34% decrease in EET formation. 33 Moreover, human liver samples from two patients heterozygous for CYP2C9*2 showed 5-to 10-fold greater mRNA expression of 144Cys over 144Arg. 34 Collectively, these studies suggest that CYP2C9*2 is a loss-of-function SNP associated with reduced EET and DHET levels and worse outcomes.
We report that patients with the EPXH2 287Gln variant (25%) are~2.6-fold less likely to develop unfavorable outcomes at 12 months. Previous studies report that in vitro expression of the EPHX2 (sEH) 287Gln enzyme resulted in~5-fold reduction in 14,15-EET hydrolysis, higher sEH monomer:dimer ratio, and reduced enzyme stability. 31, 35, 36 Rat neuronal cell cultures and cardiomyocytes from sEH knockout mice transduced with the EPHX2 287Gln enzyme reduced 14,15-DHET levels to 34% and~40% of WT values after administration of excess 14,15-EET and reduced ischemic cell death to 80% and 78% of values for untreated cells, respectively. 12, 37 Moreover, clinical studies report that the EPHX2 287Gln variant was associated with reduced epoxyoctadecenoic acid (EpOME) metabolism and higher cholesterol and triglyceride levels in plasma. 38, 39 These findings suggest that the EPHX2 287Gln variant is a loss-of-function SNP associated with reduced EET metabolism and ischemic cell death. Therefore, it is expected that patients with EPHX2 287Gln would have increased EET levels, reduced DHET levels, and favorable outcomes. This hypothesis is consistent with our results regarding long-term outcomes.
Although multiple fSNPs and tSNPs were associated with acute and long-term outcomes, candidate gene haplotypes were not associated with outcomes. This discrepancy may be due to reduced power when using haplotypes or because the causative variant shows different linkage disequilibrium with haplotypes compared with tSNPs. These data suggest that additional studies are needed using a more focused genotype approach and improved characterization of candidate gene haplotypes.
Hardy-Weinberg Equilibrium tests show that CYP2C9 g.18470G4A is not in HWE and, similar to other tSNPs in our candidate genes, showed genotype frequencies in our aSAH population that were different from those in the Hapmap CEU population. Given that our population is enriched for individuals with aSAH, these results suggest that genetic variation in the EET metabolic pathway may contribute to the formation and rupture of intracranial aneurysms. Support for these results includes numerous in vivo studies which show that EETs exhibit diverse physiologic functions including vasodilation of the cerebrovasculature and antihypertensive effects. 6, 40 In vitro studies report that EETs exhibit proliferative, migratory, angiogenic, fibrinolytic, antiapoptotic, antiinflammatory, and antiplatelet aggregation effects in vascular endothelial cells and inhibit migration and apoptosis in vascular smooth muscle cells. 4 On the basis of these reported mechanisms of action, it is expected that EETs have an important role in vascular homeostasis and remodeling and may impact intracranial aneurysm formation, rupture, or recovery after aSAH. We showed the ability to measure DHET, and to a lesser extent EET, levels in CSF from patients with aSAH. Our previous studies showed room temperature stability of EET and DHET analytes during the collection period of 12 hours 14 and studies in our laboratory have showed reproducibility of sample quantification over years of − 80°C freezer storage (data not shown). Although EET CSF levels in patients with aSAH have not been previously reported in clinical studies, our DHET levels were consistent with our previous studies. 18, 41 Epoxyeicosatrienoic acid and DHET CSF levels measured in this study are comparable to EET levels reported to show physiologic effects on cerebrovascular tissues. Epoxyeicosatrienoic acids have been shown to relax isolated cerebral arteries and increase the activity of large conductance calcium-dependent potassium channels (BK Ca ) in cerebral vascular muscle cells at 1 nmol/L (0.32 ng/mL). 42 It is expected that the CYP eicosanoid levels in the brain will be higher than those reported in this study because these compounds act locally in an autocrine/ paracrine manner 4 and then are diluted in CSF. In addition, any spikes in concentration will be diluted in the CSF drainage bags during the collection period.
Our analysis of CYP eicosanoids showed that DHET CSF levels and trajectory patterns were not associated with acute or longterm outcomes, but increased EET CSF levels were associated with unfavorable 3-month outcomes. This relationship was not expected due to the antiinflammatory, vasodilatory, and neuroprotective properties of EETs. 4 However, increased EET levels were associated with Fisher grade 4, which is reported to be strongly associated with worse acute and long-term outcomes. 24 These data suggest that the degree and location of the hemorrhage may affect EET formation and release in the brain and possibly longterm outcomes. Red blood cells can release EETs directly from phospholipid membranes or synthesize EETs through the release and subsequent metabolism of arachidonic acid from phospholipid membranes. 43 However, it is unknown whether an increase in EET CSF levels is due to EET release or synthesis directly from the blood in the CSF or from brain tissues. Also, it is important to note that this relationship was not observed in acute outcomes and 12-month outcomes and that the analysis did not include the measurement of vasoconstrictors, such as 20-HETE (20-hydroxyeicosatetraenoic acid), which may counteract the effects of EETs in the brain. The role of the EET metabolic pathway in aSAH has not been previously investigated in clinical studies and therefore warrants further study.
In spite of these novel findings, several limitations of this study should be noted. Although this work is the first to show a relationship between genetic polymorphisms, CYP eicosanoid levels, and outcomes in aSAH patients, it is important to note that these findings did not pass correction criteria for multiple testing. Therefore, these results will be important for validation by inclusion in either future meta-analyses or design of multicenter trial to thoroughly evaluate this relationship. The analysis of CYP eicosanoid CSF levels was not compared to control values due to lack of access to control CSF. Since the CSF samples were taken from drainage bags that collected CSF over a 12-hour time period, reported CYP eicosanoid levels represent time-averaged values which may be lower than those at the site of action. Also, there was a significantly lower number of CSF samples with EET levels above the quantitation limit when compared with samples with detectable DHET levels possibly due to EET conversion to DHETs or reduced recovery from the collection bag. In our genetic analysis, some functional genetic variants in the EET metabolic pathway were not genotyped. Many SNPs had allele frequencies that were too low for informative analysis. Our analyses were limited to single fSNP analyses, thus the effects of multiple fSNPs simultaneously were not assessed. It is not possible to determine whether our putative genetic markers were causative or were in linkage disequilibrium with the causative SNP. Furthermore, this study represents one of the first reports of a large population of aSAH patients for genotype/CYP eicosanoid analysis, therefore, a validation cohort is not readily available for confirmation of these genotype findings. Future studies that include a focused genotype approach, validation cohort are needed.
CONCLUSIONS
In summary, EETs have been shown to have an important role in the regulation of cerebrovascular tone and vessel remodeling in vitro and significantly affect CBF and cerebral ischemic injury in vivo. Other studies report that SNPs in the genes responsible for the formation or metabolism of EETs alter enzyme expression or activity. This study, involving one of the largest aSAH cohorts to date, suggests that gene variants involved in EET formation/ metabolism are associated with the risk for complications after aSAH and subsequent long-term outcomes. These results are important to help elucidate the mechanisms involved in the pathogenesis and pathophysiology of aSAH and possibly identify patients at high risk for unfavorable outcomes so that intervention strategies may be implemented earlier or more aggressively in these patients.
